Bemisia tabaci (Gennadius) Middle East-Asia Minor 1 (MEAM1) is a well known invasive insect species. Little information is available on immune system of B. tabaci to date. In this study, one of the Toll-like receptors (TLR; namely BtToll) was cloned in MEAM1 B. tabaci which contains an open reading frame of 3153 bp, encoding putative 1050 amino acids. Phylogenetic analysis indicated that BtToll is highly identitical with other members of the TLR family. Transcripts of BtToll detected through qRT-PCR were expressed in all developmental stages of B. tabaci and the highest expression level was observed in the 3rd nymphal instar. BtToll was highly expressed in response to immune challenge. RNA interference was used to knockdown the BtToll expression in adults through the oral route which resulted in significant reduction of BtToll transcript. When the adults were challenged with a mycotoxin from entomogenous fungi − destruxin A (DA) and RNAi, the median lethal concentration (LC 50 ) decreased by 70.67% compared to DA treatment only. Our results suggest that BtToll is an important component of the B. tabaci immune system. RNAi technology using dsToll combined with general control methods (using toxin only) can be used as a potential strategy in integrated B. tabaci management programs.
Introduction
Innate immunity is the first line of defense in insects to survive against various infectious conditions. The conserved signal cascades within the innate immunity of insects has been well documented in different insect species (especially in Lepidopteran and Dipteral insects) (Buchon et al., 2014; ; Kanost et al., 2004; Lindsay and Wasserman, 2014 Buchon et al., 2014; De Gregorio et al., 2002; Kanost et al., 2004; Lindsay and Wasserman, 2014De Gregorio et al., 2002Buchon et al., 2014 De Gregorio et al., 2002; Kanost et al., 2004; Lindsay and Wasserman, 2014) . The corresponding members known as Toll like receptors (TLRs) have been identified from many insect species like Drosophila melanogaster and Manduca sexta (Ao et al., 2008; De Gregorio et al., 2002) . Toll-like receptors are important natural immune recognition receptors within the innate immune system. They are known to mediate the host defense reactions of insects by recognizing specific conserved components of microorganisms (Moresco et al., 2011) . Therefore, TLRs signaling pathway in insect innate immunity is the key to initiate immune response. However, very little efforts have been made to explore the TLRs and their signaling pathway within Hemipteran insects.
Bemisia tabaci (Gennadius) (Hemiptera: Aleyrodidae) as a serious pest of agricultural crops in different regions of the world, contains more than 36 cryptic species within a species complex (Barbosa et al., 2014; De Barro et al., 2011; Firdaus et al., 2013; Hu et al., 2011) . Being the most notorious invasive species of this complex, B. tabaci Middle East-Asia Minor 1 (MEAM1) (previously known as 'B biotype') has drastically increased in its distribution. This increase is attributed to the development of global trade from the 1980s onward (Brown et al., 1995) . Direct damage of MEAM1 B. tabaci occurs as a result of sucking plant sap from the phloem, secreting honey dew which serves as a substrate for growth of sooty moulds (Oliveira et al., 2001; Perring, 2001) . Moreover, adult whiteflies can transmit more than 150 plant viruses to commercial crops (Lapidotand and Polston, 2010) . Management of MEAM1 B. tabaci has been dominated by the frequent used of broad spectrum conventional insecticides (Liang et al., 2012; Wang et al., 2010) , which has resulted in development of insecticide resistance. Previous research has demonstrated that the innate immune system of an insect is of great importance to them in resisting different microorganisms and pesticides (Garrido et al., 2013; Gottar et al., 2002; Hoffmann, 2003) . Little study is about the immune system of B. tabaci and its role in response to fungi and fungal secondary metabolites has been conducted to date.
Destruxins, secondary metabolites produced by entomopathogenic fungi, are known for their high insecticidal activities against B. tabaci. About 39 derivatives of destruxins have been identified from different species of entomopathogenic fungi (Liu and Tzeng, 2012) . Among them, destruxin A (DA) has received much attention because of its high insecticidal activity (Dumas et al., 1994; Pedras et al., 2002) . Destruxins A can alter the morphology and cytoskeleton of plasmatocytes, which results in low phagocytosis (Vilcinskas et al., 1997) . It has been shown that immune systems of different insect species like D. melanogaster, Spodoptera litura and Plutella xylostella can respond to DA (Han et al., 2013; Hunt and Charnley, 2011; Meng et al., 2013; Pal et al., 2007) . However, the function of the immune system of B. tabaci in response to destruxin A has not been described.
Studies on the key factors of innate immune system and the defence action of these factors to toxins can offer valuable information for new strategies of integrated B. tabaci management programs. In this study, one of the Toll-like receptors of MEAM1 B. tabaci (BtToll) was cloned and its expression pattern was analyzed by using the qRT-PCR method. In addition, RNA interference (RNAi) was used to knockdown the Toll expression by the oral route to explore the function of BtToll. Finally, the effect of destruxin A after RNAi on BtToll was analyzed. This research displays the active and functional Toll receptor and related genes of the Toll pathway in B. tabaci. This study will provide new insight into the use of dsRNA as an approach for insect pest management.
Materials and methods

Insect cultures and destruxin A
MEAM1 whiteflies were collected in Guangzhou from cotton plants and reared at the Engineering Research Center of Biological Control, Ministry of Education, South China Agricultural University (SCAU), in greenhouse facilities on Gossypium hirsutum (Malvaceae), Lu-Mian 32 at 26 ± 1°C, 70 ± 10% R.H., and 14:10 h light/dark photoperiod. The MEAM1 B. tabaci were identified by using mitochondrial COI (mtCOI) sequencing as described by Khasdan et al. (2005) .
Destruxin A was extracted and purified from strain MZ16 of Metarhizium anisopliae isolated from MeiZhou, Guangdong, China following the method described by Sree and Padmaja (2015) . DA was diluted to 1 mg/ml with DEPC water and was stored at −20°C for further use.
Total RNA isolation and cDNA synthesis
The total RNA of MEAM1 B. tabaci was isolated from about 5 mg adult flies using the HiPure Total RNA Micro Kit (Magen, China). The PrimeScript 1st strand cDNA Synthesis Kit (TaKaRa, Japan) was used to reverse total RNA into first-strand cDNA for gene cloning. The cDNA product was stored at −20°C.
cDNA cloning
According to the Toll sequence of MEAM1 B. tabaci obtained from transcriptome sequencing (Unigene 29778; unpublished data), the primers BtToll-F and BtToll-R were designed to obtain the cDNA fragment (Table 1) . Partial cDNA was obtained by using first-strand cDNA as the PCR template. For PCR reaction, the mixture contained 10 ng cDNA starting template, 1 U HiFiTaq DNA polymerase (GenStar, China), 0.1 mM dNTPs, and 0.5 μM of each primer in a total volume of 50 μL. The PCR program used for partial cDNA was run as follows: 94°C for 4 min, 35 cycles of 94°C for 30 s, 58°C for 30 s, 72°C for 1 min, followed by a final extension at 72°C for 10 min. SMART™ RACE cDNA Amplification Kit (Clontech, Japan) was used to obtain the full-length cDNA according to the protocol. Gene-specific primers for 3′-end and 5′-end RACE-PCR are shown in Table 1 . For the outer PCR reaction, 5′BtToll RACE1 or 3′BtToll RACE1 primers were used, matching with the Universal Primer. The RACE-PCR program was as follows: 94°C for 4 min, 10 cycles 94°C for 30 s, 70°C for 30s, 72°C for 3 min and 20 cycles for 94°C for 30 s, 68°C for 30s, 72°C for 3 min, followed by a final extension at 72°C for 10 min. For the inner PCR, Nested Universal Primer was used with 5′BtToll RACE2 or 3′BtToll RACE2 primers and run as follows: 94°C for 4 min, 10 cycles for 94°C for 30s, 70°C for 30s, 72°C for 3 min and 20 cycles for 94°C for 30s, 65°C for 30s, 72°C for 3 min, followed by a final extension at 72°C for 10 min. All the PCR products were cloned to pMD-18T (TaKaRa, Japan) vector for sequencing. The overlapped sequences were assembled to obtain the fulllength cDNA sequence of BtToll.
Multiple sequences analysis
The nucleotide sequences of BtToll gene were analyzed by using BLAST program on the National Center for Biotechnology Information (NCBI) website (http://www.ncbi.nlm.nih.gov/blast). The protein molecular weight and isoelectric point were predicted by ProtParam (http://web.expasy.org/protparam/). Signal P (http://www.cbs.dtu. dk/services/SignalP/) was used to predict a signal peptide of protein. TMHMM (http://www.cbs.dtu.dk/services/TMHMM/) software was used to predict transmembrane structure of BtToll protein. The protein domain topology was analyzed with SMART (http://smart.emblheidelberg.de/). SWISS-MODEL (http://swissmodel.expasy.org/) was used to undertake domain prediction. Analysis of the multiple sequences alignment were conducted by Clustal Omega (http://www.ebi. ac.uk/Tools/msa/clustalo/). MEGA4.0 software was used to construct the neighbor-joining phylogenetic trees based on amino acid sequences, with 1000 bootstrap replicates.
Developmental expression pattern of BtToll
Quantitative real-time PCR (qRT-PCR) technique was used to detect the expression pattern of BtToll in different developmental stages of MEAM1 B. tabaci. For each sample, including eggs, 1st to 4th nymphs and 5-day old adults, total RNA was extracted from approximately 5 mg whiteflies using HiPure Total RNA Micro Kit (Magen, China). The cDNA was obtained by using PrimeScript™ RT Reagent Kit (TaKaRa, Japan). The homogenized cDNA was used as the template for qRT-PCR to determine the relative quantitative expression of BtToll. The qRT-PCR primers are shown in Table 1 and β-actin was the reference gene. The reaction for qRT-PCR included 10 μL SYBR qPCR Mix (TOYOBO, Japan), 0.3 μM of each primer, approximately 100 ng cDNA, and sterilized water to a total volume of 20 μL. The program was as follows: 95°C for 3 min, 40 cycles of 95°C for 10s, 59°C for 10s, 72°C for 20s. All the experiments were performed with the Bio-Rad CFX-96 system and repeated three times. Data from three replicates of each sample were analyzed with the mean comparative threshold cycle (Ct). The relative expression levels were calculated using the formula 2 −ΔΔCt (Livak and Schmittgen, 2001) . All data were standardized with the reference gene β-actin expression level. Relative expression levels were presented as mean values ± SD (standard deviation) after normalized relative to the values of control. One-way analysis of variance (ANOVA-1) was used to analyze test gene expression levels.
BtToll gene expression in response to fungal and bacterial infection
To explain the function of BtToll in immune defense, the relative transcription of BtToll in response to B. tabaci exposure to Staphylococcus aureus (a Gram-positive bacterium), Escherichia coli (a Gram-negative bacterium), and M. anisopliae (a fungus) was examined using qRT-PCR method at different time intervals. In bacterial exposure, 100 newly emerging adult whiteflies were evenly sprayed with E. coli DH5α strains (1 × 10 7 CFU ml −1 , 2 mL). For fungal exposure, a cohort of 100 newly emerging adult whiteflies was put in 1.5 mL Eppendorf tube placed on ice for 2 min and then sprayed with 2 mL M. anisopliae suspension (1 × 10 6 conidia mL
) by following Wang et al. (2013) .Whiteflies sprayed with sterile ddH 2 O served as a control. After treatments, all the whiteflies were transferred to artificial feeding device (double pass glass pipe, 2.5 cm diameter, 15 cm high), briefly described as follows: one side of double pass glass pipe was covered with two layers of Parafilm, with feeding liquid (30% sucrose and 5% yeast). MEAM1 B. tabaci adults were added to feeding device through open side of the pipe. The open side was then sealed with Parafilm having only minute holes for air passage. All the whiteflies were cultured under standard experimental conditions of 25 ± 1°C and 60 ± 10% R.H., and a photoperiod of 14 h of light: 10 h of darkness. The adults were collected at different feeding intervals and the RNA was extracted for qRT-PCR analysis. The whole experiment was repeated thrice.
RNA interference (RNAi) and destruxin A treatments
When designing the RNAi primers, T7 promoter sequence (5′-GGATCCTAATACGACTCACTATAGG-3′) was added at the 5′ terminus of specific primers and T7 RNA polymerase promoter (GGATCC) was added before T7 (Table 1) . Following the PCR reaction, the products were purified as the single stranded RNA (ssRNA) line plate. The ssRNA was then mixed and annealed to become double-stranded RNA (dsRNA) by using the T7 RiboMAX™ Express RNAi System (Promega, USA). RNAi was performed via the oral route due to the small size of the whitefly which is briefly described as follows: feeding liquid (30% sucrose and 5% yeast) and dsRNA or/and DA were sandwiched between two layers of Parafilm in one side of artificial feeding device. MEAM1 B. tabaci adults were added from the other side and the pipe was then covered with Parafilm having only minute holes for air passage. After 24 h of feeding, all the adults were collected and the RNA was extracted. The method then for checking immune gene expression was the same as described in section 2.5. As shown in Table 1 , the qRT-PCR primers for immune related gene were also designed based on the transcriptome sequence (Dorsal based on Contig 41945; MyD88 based on Contig 16683). The Defensins, one of antimicrobial peptides (AMPs) , was also employed for analyzing immune function. Sequence of Defensin, Defensin-1 and Defensin-2 were downloaded from whitefly genome database (Defensin based on Bta02263/No. JX077085 in GenBank; Defensin-1 based on Bta02264; Defensin-2 based on Bta02261). For toxicity assays, DA was diluted to five different concentrations (50, 100, 200, 300, and 400 ug/ml). Concentration of dsToll in the mix treatment (DA + dsToll) was 20 ug/ml. For each treatment, the survival of adults was monitored every 12 h.
Statistical analysis
The relative expression of immune genes was calculated by CFX Manager (version 1.6) and compared though ANOVA by using SPSS (version 19.0). Corrected mortality was determined by using Abbott's correction (Abbott, 1925) . Table 1 PCR primers used in the study.
Primers
Primer sequence(5′-3′)
a T7 RNA polymerase binding site is underlined. b Cited from Wang et al. (2013) .
Results
cDNA cloning and molecular characteristics of BtToll
After sequence assembly of 5′RACE and 3′RACE, 3912 bp full-length cDNA sequences of BtToll were obtained (GeneBank accession number: KX373883). The complete sequence contained an open reading frame (ORF) of 3153 bp, encoding a putative 1050 amino acids, a 5′ untranslated region of 517 bp, and a 3′ untranslated region of 242 bp (Fig. 1) . The expected molecular weight of BtToll was 32.54 kDa, with isoelectric point of 4.80. SignalP 4.1 software analysis indicated that BtToll does not contain a signal peptide. TMHMM and SMART software showed that BtToll contained an extracellular domain (1-791 residues), a transmembrane region (792-814 residues) and an intracellular TIR Fig. 1 . Nucleotide and deduced amino acid sequences of BtToll from MEAM1 Bemisia tabaci. The initiation codon is underlined and the stop codon is marked with an asterisk (*). The predicted TIR domain (residues 848-949) is shaded, and the transmembrane region (residues 792-814) is underlined.
(Toll/interleukin-1 receptor homology) domain (848-949 residues) (Figs. 1 & 2), which is a typical feature of Toll proteins. The extracellular region has leucine-rich repeat sequences, while sequences of the intracellular region are highly homologous with that of the intracellular region of interleukin-1 receptor (interleukin-1 receptor, IL-1R).
The secondary structure of the BtToll polypeptide chain was predicted by using PBIL software to include: an Alpha helix, an extended strand and a random coil with percentages of 36.48, 18.29 and 45.24 respectively. Swiss Modeling was used for the homology modeling of a three-dimensional structure of BtToll based on the protein amino acid sequence (Fig. 3) . This result also indicated that the Toll protein's secondary structure mainly consists of an alpha helix and random coil components.
Phylogenetic analysis
The predicted BtToll protein showed high homology with other Tolls (Fig. 4) . The identity of BtToll with Toll of Halyomorpha haly, Pediculus humanus corporis and Nilaparvata lugens was 45%, 43% and 41% respectively. According to the multiple alignment of the deduced amino acid sequence of BtToll and other known insect Tolls, the Neighborjoining tree also indicated that BtToll has a high similarity with H. haly, P. humanus corporis and N. lugens which are taxonomically close to B. tabaci (Fig. 5) .
Developmental expression pattern of BtToll
The qRT-PCR results showed that BtToll transcripts were detected in all developmental stages (Fig. 6) . The expression level of BtToll in the 3rd nymphal instar was significantly higher, followed by the adults. BtToll expressed in egg, 1st, 2nd, 4th nymphal instars was lower when compared with other developmental stages. Simultaneously, expression quantity of BtToll in egg, 1st, 2nd and 4th nymph showed no significant difference.
BtToll gene expression in response to fungal and bacterial infection
The whiteflies immune challenge showed similar results, with significant up-regulation in response to the microbes compared to control (Fig. 7) . When induced by E. coli, BtToll showed no significant upregulation at 12 h post infection (hpi) but the expression of BtToll at 24 C. Zhang et al. Molecular Immunology 88 (2017) [164] [165] [166] [167] [168] [169] [170] [171] [172] [173] was 6.99 × higher than control group. BtToll expression was up-regulated from 12 hpi when induced by entomopathogenic fungus M. anisopliae, significantly higher than control. After challenged with S. aureus, BtToll expression level was upregulated at all detected time points. The expression peaked at 24 hpi and this up-regulated tendency remained stable up to 36 hpi for both fungal and bacterial infection.
Expression of immune related gene after RNAi
To better know the role of BtToll in MEAM1 B. tabaci, an RNAi experiment was carried out via the oral route. As shown in Fig. 8A , BtToll gene expression was not significantly different between the two control checks (DEPC water and dsGFP) at 24 h post treatment (hpt). The BtToll transcripts in dsToll treatment were highly suppressed (more than 80%) compared to the control. The transcript levels decreased 33.9% for the gene Dorsal, and decreased 49.93% for MyD88 respectively.
To investigate the effects of BtToll on AMP gene expression, the mRNA levels of three Defensins were measured in BtToll knockdown MEAM1 B. tabaci adults (Fig. 8B) . The expression of all the 3 AMPs was significantly decreased. Especially for Defensin-1 and Defensin-2, the expression level decreased more than 85%.
The toxic effect of RNAi and DA treatment
To test the relevance of BtToll gene involvement in immune response to destruxin A, we examined the survival rates of whiteflies after knocking down BtToll gene and facing DA challenge (Fig. 9A) . It was observed that knock-down of BtToll lead to reduced adults survival rates compared to the control (DEPC water and dsGFP) after treatment with DA. No difference was detected in the DEPC water control and dsGFP control. However, the dsToll feeding showed slight decrease in survival rate. When fed with 100 ug/ml DA, the survival rate of whitefly adults was 82.09% after 24 h. The survival rate declined to 50.70% in response to feeding with the mix liquid (100 ug/ml DA + 20 ug/ml dsToll). The toxic effect of RNAi and DA treatment is shown in Fig. 9B . The LC 50 of destruxin A treatment after 24 h of feeding was 352.69 ug/ ml. Bemisia tabaci mortality increased significantly when destruxin A and dsRNA were mixed to feed the adults, with an LC 50 value of 103.45 ug/ml showing a 70.67% decrease in LC 50 values compared to an individual destruxin A treatment.
The relative expression level of the immune related gene after DA treatment (LC 50 ) was also observed for B. tabaci adults. At 4 hpt, the transcripts of BtToll after DA challenge was 1.29 fold higher than that of the control. Then the transcript expression decreased with the passage of time being significantly lower than the control 12 hpt (Fig. 10A) . For the other immune related genes, including Dorsal, MyD88, the same Fig. 5 . Neighbor-joining phylogenetic tree based on the sequences of Tolls. The neighbor-joining tree reconstruction based on sequences of Tolls of representative species was carried out. Numbers in the branches refer to 1000 bootstrap iterations support (in percentages). expression trend was shown within hours after DA feeding ( Fig. 10B  and C) . After 12 hpt, mRNA levels within Dorsal in the treated group both decreased over 50% compared to the control. The expression level of Defensins increased dramatically when compared with DEPC water at 4 hpt (Fig. 11) . Expression of Defensin of DA treatment was 3.72 × upregulated than the control at 4 hpt, which was higher than Defensin-1 and Defensin-2. Defensins had a significantly lower level in response to DA challenge compared with control at 8 hpt and 12 hpt.
Discussion
The immune system of Bemisia tabaci
Detailed studies on the Toll and immune deficiency (Imd) pathways of Drosophila melanogaster are available (Tanji and Ip, 2005) . However, these pathways have not been well studied in Hemipteran species like B. tabaci. The lack of studies can be related to the complexity of symbiosis between B. tabaci and diverse bacterial as well as viral symbionts. The mechanism and evolutionary process of their interaction is not yet clear (Xie et al., 2012) . The development of deep sequencing technology has improved the studies on insect stress response. Zhang et al.
(2014) compared the transcriptome of Mediterranean B. tabaci (MED, formerly Q biotype) against bacterial pathogens and identified the immune related elements. Interestingly, many classical factors of Imd pathway cannot be found in the MED B. tabaci. This phenomenon was also proven by our transcriptomic data of MEAM1 B. tabaci (unpublished data). Recently, the published draft genome of B. tabaci has confirmed that only Caspar and ik2 are reserved in Imd pathway . The B. tabaci complex has one peptidoglycan-recognition protein (PGRP) and five Gram-negative bacteria-binding proteins (GNBPs) Wang et al., 2016) , which is different from pea aphid Acyrthosiphon pisum (Gerardo et al., 2010) . The immune system of B. tabaci is very strong because of its ability to develop resistance against different groups of chemical insecticides (Dennehy et al., 2010; Roditakis et al., 2009) . For instance, the cytochrome P450s were found to have a significant correction with insecticide resistance (Ilias et al., 2015; Xie et al., 2012) . Bemisia tabaci has evolved an excellent immune system, even in the absence of components in the Imd pathway. Differently, factors of the Toll pathway exist: inferring that the Toll pathway of B. tabaci might have a significant role in this insect's immunity. Each bar represents the mean ± SD from three biological replicates, where each sample has three technical replicates. '*' indicates a statistically significant difference (P < 0.05) in gene expression between control check and treatment. Fig. 9 . Insecticidal efficacy of destruxin A and dsToll against MEAM1 Bemisia tabaci. A) Survival rate after destruxin A and dsToll challenge. Destruxin A was in the concentration of 100 ug/ml. Concentration of dsToll and dsGFP was 20 ug/ml. The control MEAM1 whiteflies were feed with ddH 2 O. B) Corrected mortality rate of MEAM1 Bemisia tabaci after destruxin A and dsToll challenge. Destruxin A was in different concentrations as 50, 100, 200, 300, 400 ug/ml respectively. Concentration of dsToll was 20 ug/ml. Each bar represents the mean ± SD from three biological replicates.
The potential function of BtToll
2002). Toll receptor binds with Spatzle, the activated Toll recruits MyD88, Pelle and Tube proceeding signals to Cactus. Dorsal gets released after Cactus is phosphorylated. Then it translocates to the nucleus and induces antimicrobial responses like activation of AMPs expression, such as drosomycin and defensin (Gerardo et al., 2010; Lemaitre and Hoffmann, 2007; Valanne et al., 2011) . In this study, one novel Toll-like receptor of MEAM1 B. tabaci was identified. Based on the sequence analysis data, this BtToll contains a TIR (Toll/IL-1 receptor homologous region, TIR) domain, which is a common feature of other Each bar represents the mean ± SD from three biological replicates, where each sample has three technical replicates. '*' indicates a statistically significant difference in gene expression between treatment and control. Fig. 11 . The relative expression level of AMP genes of MEAM1 Bemisia tabaci adults in response to destruxin A. Destruxin A was fed Bemisia tabaci adults and whole body samples were collected at 4 h, 8 h, and 12 h post treatment. Expression of AMP genes including A) Defensin, B) Defensin-1, C) Defensin-2 were investigated by using qPCR. Sterile ddH 2 O was used as control. Data represent the fold change in gene expression after normalization relative to the expression level of control. Each bar represents the mean ± SD from three biological replicates, where each sample has three technical replicates. '*' Indicates a statistically significant difference in gene expression between treatment and control.
Tolls (Imler and Hoffmann, 2001) . The result of the homology comparison showed that BtToll is highly homologous with DmToll-1, which has been proven to have an important function in immunity (Valanne et al., 2011 ). Analysis of the transcription level showed that BtToll was expressed in every instar of the whitefly, further manifesting BtToll as a constitutive protein (Kambris et al., 2002) . The highest BtToll gene expression was observed in the third instar, which might be an indication of the strengthening of the immune system for the development of the pupal case during the fourth nymphal instar.
To further understand the function of BtToll gene in immune response, its pattern of induction in response to bacterial and entomopathogenic fungus was analyzed. Our qRT-PCR results indicated that BtToll expression was highly induced by E. coli, S. aureus and M. anisopliae, and this tendency persisted until 36 hpi. It can be inferred that BtToll is an important functional component of innate immunity. There are 11 and 9 Toll-related receptors and in Bombyx mori and Drosophila, respectively (Cheng et al., 2008; Tauszig et al., 2000) . Differently, there are only 5 Tolls in B. tabaci . Therefore, the Toll like receptors may have multiple functions due to the reduction of immune repertoire. BtToll may also serve a role in response to Gram-negative bacteria, rather than Gram-positive bacteria and fungi.
RNAi technology and its silence effect
In recent years, the RNAi technology has been successfully applied to the functional genomics of insects from different orders like Lepidoptera, Coleoptera and Hemiptera. Based on this technology, researchers have achieved considerable success in the field of insect pest management (Burand and Hunter, 2013; Price and Gatehouse, 2008) . Injecting dsRNA into the body of an insect has been proven to be an effective method to inhibit gene expression (Ghanim et al., 2007) . However, such an injection is not possible under field conditions. Delivery of siRNA/dsRNA by the oral route has been proposed as a solution to this problem which also has an additional advantage of processing larger numbers of insects (Upadhyay et al., 2011) . In our study, the silence efficiency of BtToll was above 80%, indicating that this feeding method can obtain a good silence effect. Though the expression of the immune gene Dorsal and MyD88 did not decrease as much as BtToll after RNA interference; all of them displayed a down-regulation tendency. These results proved the positive correlation between BtToll, Dorsal, and MyD88 in the Toll pathway, and indicated the high silencing effect of dsToll. For the AMP, 4 AMPs are detected in B. tabaci, including 3 Defensins and 1 Thaumatin . In this study, expression of all 3 Defensins was significantly reduced following the RNAi-based down-regulation of BtToll, demonstrating that BtToll were acting as a positive regulator.
High cumulative mortality of dsToll with destruxin A challenge
When bioassays were conducted after suppressing the Toll expression, silencing BtToll led to low survival rate when challenged with DA, which was significantly higher than the DA group without RNAi (Fig. 9A) . These results indicate that Toll signaling pathway plays an important role during immune response against DA challenge. Our results also showed that LC 50 values decreased to 103.45 μg/ml (dsToll + DA) from 352.69 ug/ml (DA) after 24 h of treatment (Fig. 9B) . Obvious synergistic action was found after knocking-down the BtToll gene. When the function of Toll was disturbed, the cumulative mortality increased significantly. A similar study conducted in Litopenaeus vannamei also indicated that knocking down the Toll gene could significantly increase the mortality when challenged with bacteria (Han-Ching Wang et al., 2010) . Our results manifested the important role of Toll in resisting the destruxin A, and also explained the existence of possible interactions between B. tabaci and destruxin A.
The mechanism through which destruxin A impacts the immune system of the insect is still not clear. In our study, the up-regulated trend of BtToll was detected at 4 h post DA feeding. After 12 h treatment, the expression of BtToll became down-regulated. These results suggest a negative interaction between destruxin A and BtToll. The qRT-PCR results showed the same trend of other immune related genes. Expression level of Dorsal and MyD88 were significantly up-regulated at 4 hpt and then decreased after 12 hpt. Meanwhile, the AMP gene Defensin was highest at 4 hpt, with significantly lower expression in 8 hpt and 12 hpt. These results further prove that the Toll pathway is involved in protecting the insect body against destruxins (Han et al., 2014; Pal et al., 2007) . The increase in mortality following BtToll knock down and destruxin A can be related to the suppression of AMPs. Our results are consist with the findings of Pal et al. (2007) , who obsreved that destruxin A could inhibit the expression of AMPs in the Toll pathway and lead to high mortality of D. melanogaster. The results can offer basic information for studies on the action mechanism of toxins from entomogenous fungi, as well as providing new insights for pest management by using molecular targets as new pesticides.
In conclusion, this work has explained the preliminary characterization and expression pattern analyses of the Toll gene during development and after immune challenge in B. tabaci, offering basic information on the study of the Toll-receptor family. In addition, RNAi results suggest that the oral route can achieve high efficiency for silencing. Studies on the immune related genes indicated that BtToll is an important factor in the Toll pathway in B. tabaci. This study provides the first positive evidence on the participation of BtToll gene in response to a fungal toxin, as knocking down BtToll of whiteflies could increase mortality after being challenged with the toxin. This result indicates that decreasing the function of the immune system could increase the insecticidal efficiency of biopesticides. The study will facilitate the combination of RNAi technology and general control methods (using toxin only) as an approach for insect pest management.
